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, * A REVIEWOF THE PHYSICALPROPERTIES OF LIQUID IONIZATIONCHAJ4BERMEDIA*

. CharlesR. Gruhn+and RobertLovement

Abstract

We reviewthosephysicalpropertiesof liquid
methane,argon,krypton,and xenon fmportantin the
design,construction,and operatfonof lfqufdioniza-
tionchambers. The thermodynamicproperties,elec-
tricaland optfcalproperties,effectsof fmpurfties,
and atomicand nuclearpropertiesare sunmrarfzed.

I. Intrctiuction—— —

In this reviewwe presenta collectionof repre-
serrtatfvedata pertainingto the physicalproperties
of liqufdmethane,argon,krypton,and xenon,which
we belfevewill be usefulin the desfgn,construction,
and operationof liquidionizationchambers. Where-
ever possfblewe shallalso presentsufficient
theoreticalguidanceto alloweitherfnterp~lation
or extrapolationof the data. We do not attemptto
exhaustivelyrevfewany one specificphysicalproperty
of the liquidsbut ratherreferthe readerto the
literaturewhere thfs has been done.

We divfdeour reviewinto four sections:
ThenrrodynamicProperties,Electricaland Optfcal
Properties,Effectof Impurities,and Atomicand
NuclearProperties,Two excellentreviewson the
thermodynamicpropertiesbyl?. K. Crawfordland by
A. C. HollfsHallett2have been publfshedand are
usedExtensivelyin thispaper. In the Electrical
and OpticalPropertiessectionand Impuritiessection,
the reviewsrelatingtu electronscavengingand free
carrieryieldsby A, Hunsne13and A. F!ozumderbare used.
The remafnderof the materialpresentedhas been
screenedarbitrarilyfrom the literatureand fs
referenced.

2. ThermodynamicProperties

2.1 Prfncfpleof CorrespondingStates

The prlncfpleof correspondingsttstes;ts-’
says tilatthereexistsunfversalrelationshipsdescrib-
ing the phaseboundariesand equationsof stateswhen
the temperature,pressure,and densityare c~pressed
in suitablyreducedunits, General{~ihesereduced
unitsare given fn termsof eitherthe trfplepointor
criticalpofntconstants, Astatfstfcaldevelopment
of the principleof correspondingstatesfs givenby
Boerand 14fchels,sK. Pitzer,6 and E. A, Guggenheim.7
A recentexaminationof the principleof corresponding
statesand liqufdargon,krypton,and xenon fs gfven
byW. B, Streettand L. A. K. Stavaley,8 Our reason
for introducingthe prfnciplehere fs that it pro-
vfdesan excellentbasfsfor the interpolationand
extrapolationof the thermodynamicproperties,
Deviationsfrom the correspondingstatesprfncipleare
usuallyassociatedwfth quantummechanicaldifferences
in the excitationof internaldegreesof freedom.
Thesedeviationsare qufte smallfor argon,krypton,
and xenonand are somewhatlargeras one would expect
for methane,

+~vfi~of California
Los AlamosScientificLaboratory
Los Alamos,New Mexico87545
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In Table I we list sosreofthe triple
DointDroDertfesofmethane.gargon.lkrYDtorr,land

and crftical

xenon.’ Tne errors in theprop;rtlesg~ven are in
the last digft. A more completedescriptionof the
errorsare given fn the references.l”gThe ratioof
the triplepoint to critfcalpofnt propertiesare
essentiallyconstantfor the rare gases (Tt/Tc= 0.5559

Pt/Pcw 0.14, pt/pc= 2.66)wfth methanedeviating
,

slightly. The entropychangesupon evaporation

L /T = 3.40-fiare alsoLv/Tt= 18.9#~ s c t

nearlythe same for the rare gases,

2.2 Phase DfagramaridEquationsof State

Applylngthe p!’incipleof correspondingstates to
methamq,argon,krvl)ton,xenon,we ffnd that the phase
diagramsare the sa,ueto within a few precent. In
Fig. lwe show the ph~se diagramfor these gases.

The vaporationcurvescan be fittedto a simple
expressionapplyingthe prfncipleof corresponding
states.

ln(P/Fc)= A(l - Tc/T (1)

We chooseto fitthls expressionat tns triplepofnt.
The valuesof the o~e free parameter,A, are given
fnTable II. The pressuresas a functionof tempera-
ture are accuratetc about one percentand are precise
at the tri le and criticalpofnts. A more precise

?
1

expl”essfon0 (.1% fs fitted to data involving16 to
li parameters.lls2

The meltingcur$e fs gfven by the Simon equa-
tion,’gtihichis revi$weciextensivelyby S, E. Babb,
Jr,l’ for numerousmaterials.

(P/Pt- 1) =B (?/Tt)c- 1 (2)

The two free parameters,B and c, are listedfn
Table II. The near equalityof theseparametersfor
the rare gases reflectsthe valfdityof the princfple
of corr’espondlngstates.

Th? temperature dependenceof the densityof the
lfqufdis gfven by the Guggenheim’expressionto
wfthfntwo percent.9

q !Pc ■l+~(l-T/lJ+;(l-T/Tc)~ (3)

*korkperfc-rnredunder the auspfcasof the UnftedStates
Departmentof Energy.

+Preser!taddressis Universityof California,Lawrence
Berkeley“boratcry, Berkel~y,California94720,
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Tablo 1

Trlplo and Crftlcal point Propartfos

Triple Point Prwartles

T~ratura, Tt(K)

Pressure, Pt(torr)

D tlty
-o

Llquld, P;(!wcm’)

Solid, P5(9m’cm’)

Latenthaat of vaporetion. Lv(cal/mlQ)

Latantheat of fusion, Lf(cal/mle)

Neat capacity, Cp(cal/IWleK)

Thmmal conductivity, K(cal/saccm K) x 105

Viscosity,bulk; rlBImilliPolse)

shear; n~(nilllpoise)

&riticalPointPrmertias

TampQrature TC(K)

Prassum Pc(bar)

Oensity P.(9m/@n’)

87.1

.405

224.5

190.78

45.7

,160

Ar

83:&16

517.1

4.05
1.414

1.622

1579

285

10.I.?5

29.9

1.1

2.0

150.70

48.6

.53

Kr

115363

547.5

6.52

2.44

2.79

2191

392

10.7

21.1

1.9

4.4

209.5

55.2

.918

Xa

161%1

612.2

8.18

2.%

3.40

3048

549

10.7

16.8

1.6

5.2

289.72

58.4

l.il

1

SOLID

TmRc WNT

Asmsll changain Pc for argonand mthana yields
identicaltaaparatum dapandencasofpl/pc.9 Note

tlw densityIs decreasing with tonparatum (-.86%/K
at the triplopointof argon)and will changethe
stoppingpowar by a factorof 2.66 batwen tha triple
and criticalpo!nts.

3. Elactrlcaland (bticalProperties

~ El@ctronTrans~ort

El@ctronsnovingIn a gas can b~ vlawadas
partlclasmoving In a vacmsnand occasionallycollld-
inguith a gas particl~. Electronsmoving in a solid
must be treatadentirelydifferently, Becauseof
closepackin (conpamd to a as) and long-rane

! ! !order,Intererancasof the a @ctrenwith Itse f
becmes importantand electronsam traatadas free
waves.

Llquldspose anmracmpllcatad problem. Ovar
longdlstancasthey show gas-llkecharacteristics.
They do, however shw short-rangeorder. The struc-
ture factor,S(k\,functionindicatesthis. Further,
the fieldthat an electronsees in a liquidis very
differentfrom that ofagas.

1,01,11.21.3M I.sM 1,71.01,9 m SJ R,22,3 M
Tc/T

Fig. 1 Phasadiagramfor ram gas llquids.



Table II

Vaporizationand MaltingCurve Parameters

Parameter CH4

A 5Y9

B

c

d
4 (bar/K) 32.629

t

& &

5,332 5.341

3107 3298

1.593 1.6169

39.2 31.0

~

5.371

3240

1.5892

25.G

The weakestpartof determiningthe characters
of the electronsin Ilauldsis determininga model
for the electron-atominteractionIn a ll~uld.
Problemsarisebecausethe potentialis nnt a simple
two body potentialor a sum of two body potentials.
This can be explainedas follows, Supposeth re s

ilian i?tomatfi w O andthereisanotherat~ at w ...

We want to find the potentialthe electronsees as T
functionof r. The electronwill inducepolarization
in each atom. If thesepolarizationswere independent,
the resultfngfieldwouldbe the superpositionof the
two fields. It is clearthat the dfpolesof the two
atomsare not independent,otherwisetherewould he
no lfqufdstate. Furthr complexityis addedto the
problembynotfng thatiOhas a statisticaldistribu-
tion of valuesaboutseveralmaximaand minfma.

Thereare two approachesthat have’been used to
make the problemtractible. Sprinett, Jortner,and
Cohenused the Wfgner-Seftzmodel.~’ Wedonotdis-
cuss theirtheoryhere.

Leknerusesanotherapproach,” He approximates
the electricfieldproducedby an electronin the
llquldas f(R)e/R2. Than by Iooklngat a pair of
atomsand a self-consistencyargumenthe derfvesa
self-consistencyconditionfor f(R), The resulting
f(R) Is shownIn Fig, 2. He then approximatesthe
exchangeand polarizationpotentfalby

U(R)m - ~e2f(R)/(R2+ R;)z (4)

where Ra Is ad~ustedto flt scattarlngdata. To this

he adds the potentialfrom the coulombfieldscreened
by the Hartreedistributionof electrons.

u~mu”+u a (5)

He ffnallypointsout that the potentialsofnefghbor-
Ing atoms overlapso he takesan ensembleaverage

and lets

ueff=<U(R)> -Uo, R <~

‘O, R>% (7)

where I& Is definedby

&#{ ●0, UO=U(RJ (8)

%

All of the approp~fatepotentialsare in Fig. 3.

Gncea potentialis derfved,statisticsare used
to obta{nmomentumdistributionfunctionsand from
that,drift velocities. We considerhere a simplified
versionof the derivationof the drift velocities.
There are two pertinentcross-sectionsin a llqufd.
They are:

J

n
UE(C) = 2m rlclsino (1 - cosO)u(c,O) (9)

o

‘f
u~(c) ● 2n J sin~ (1 - cos0)d(c,0)S(2K s@ (lo)

o

They correspondto the cross suctfonfor transferring
energy (UC(C)) and the cross sectionfor transferring

momentum(up(c)). Nowwe assumethat all eicctrons

have a mean energy,<c>, and all atoms have an average

energy,~kTa From the conservationofer!ergywe have:

3<C> m&V(<c> .#kT) +VOeE=O (11)~“-b~~rc

From ttieconservationofmomemtumwe have:

!3VD
(12)~mVD~+!#mo
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0.6
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o I 2 3

R/u

Fig. 2 Local-fieldfunctionf(R) due to pointcharge,
calculatedfrom the Percus-Yevickpair-
correlationfunctiong(R) correspondingto
liquid-argondensityand a hardcorediametera
u

o

0,2

- 0,4

c
u
3

‘ 0.6

0,8

10

= 3.44A.

o 2 4 6

R/CIo

“ Fig. 3 AtomicpotentialsIn Iiquldargon. U(y $8
<u> are definedIn the text.

wherem* is the electroneffectivemass
.

W is the atom effectivemass

AC- (Nu#o))-l
Ap= (Nap(w))-’

<~,. @!!y

A 1s the mean distanceto
G
Ap is the mean distanceto

energytransfer

momentumtransfer

6 and $ are dimensionlessvariablesto account ‘
for the statistics. SolvingEqs. 11 and 12 for the
mean energy,<c> and the drift velocity,VD, we find:

.

(13)

‘, “ p%- h (14)

Ue f$d a go&d fit to experimentaldata may be

had ‘ith E- G - 0. Hence the real use of

these“constants”isto interpolatebetweendata
points. Basedon calculationsby Yoshlno,et al.,1’
Ac can be takento be constantover la!ge rangesin
<c> and Ap (<E>) seems to followa simp’ieexponential

law once it is no longerconstant,i.e.,for argonAp=
44.3 X 10-’ <S+-”387 m.

In the low field limit,we get the drift velocity
introducedby Bardeenand $chockley:’e

VD = f(##* eEAp (15)

A full statisticaltreatmentwas given in the
calculationsof Leknerand Cohen.19 Lekner16and
Yoshlno,Sowada,and Schmidt17use the latter
approachin theircalculations.

Experimentsto measureelectrondrift velocities
In llquidrare gates startedIn the late fortiesand
continuestoda{. Typicdlexperiments,e.g., Larsh
and Davidson,’ were simpletime of flight
measurements. Electronswere producedin any number
of ways includingIonizationby alphaparticles,
fieldemisstontips,directelectioninjectionand
Ionizationfrom pulsedbremsstahlungfrom anelec-
tron accelerator. Exam les of thesemeasurements
are Pruettand 8roida;2! $chnyder,Rice,and Meyer;”
Miller,Howe and Spear;2’ and Yoshlno,$owada,and
Schmldt,17 In the f:rst threecases voltagechanges
w.r.t,time were usuallymeasuredbetweengridsof
knownspacing. It was assumedthat the ionization
took place in a close vicinityto its source,and
that this distanceIs smallcomparedto the total
driftdistanceof the electron. In the secondcase
Ionizationwas uniformand the voltagebetweenanode
and cathodewas monitoredas a functionof time after
the burstof radiation. Data from the measurements
is shown in Figs 4-11 (Yoshino,et al.,17$owada,
et al,a”). All of the pure gases show a velocity
saturationat very high fields. The saturation
velocity,low fieldmobilityand temperatureare
given fn Table 111.



Low-FieldElectron!iobilityandSaturationVelocityifi
LiquidCHA, Ar, Kr, and Xe

Liquid T(K)

‘4 x

Ar 87

85

85

87

Kr 120

117

119

120.4

Xe 165

163

Pe, (an*V-t sec-’j

400 *5O

400 *5O

520

475

1200 i150

1800

1310

2000 t200

1900

Vs(cmsec-’)

6.4x 10s *1O%
5

7.5x 10s

6 X 10s

4.8x 10S *1O%

3.8x 10s

3.3x 10$

2.6x 10s *1O%

2.9>. 10S

References

25

17

26

23

21

17

23

21

22

17

23

From Figs.4-10 it can be seen that smallamounts
of im~uritiescan greatlychangethe driftvelocity.
Swanz firstnoticedthis in 1959. This is believed
to happenbecauseinelastlcscatteringof impurity
atomsprovidea more efficientmeansof energy loss
and hencecool the electronsdown, Yoshino,et al.i’
give a simpleanalysisdescribingthisas follows:
Themobillty,u(E), has its usualdefinition.

u(E) = Vo(E)/E (16)

Xfpi(Ei) for an impuresubstanceis the same as

UP(EP)for a pure substance,the mean electronenergy
is the same for both cases. The additionalrate of
enargylossbecauseof impuritiesin solutionis:

A= (VDiEi- VDpEp)e

= u(E; - E:)e (17)

They definethe mean freepath betweencollisions
with impurities,Ain, ‘s:

AinS (NO1n(G))-l (18)

and the avarageenergyloss,AW,in inelasticcolli-
sionshavingcrosssection,u(c).

The rateof energyloss,P,,is also givenby:

A- AWV
~ (19)

2C bwhere V = (ma)

It is tnen easilyshown that:

(20)

Figures12 and 12 show u(c)f,Was a functionof mean
energy,c, for diiferentimpurities.17 Figure 14

showsa(c) ~as function01’the mean energy.2° It

is clear that one wants this productto be as large
as possiblein order to achieveihe fastestcharge
transport.

3.2 PositiveIon Transpc,rts-.

Very littledata exists concerningthe positive
ion transportIn the llquidrare gases. H. Ted Ilavis,
StuartA. Rice,and LotharMeyer have me~wred the
mobtiityof positiveions in liquidargon, krypton,
and xenon at variouspressuresand ti?mperatures.2e
They find that the agreementbetweenexperimentand
theoryIs best if they assumethe ionic speciesis

Ar~, Kr~, or Xe; as opposedto a differentspecies
such as Ar+. In Table IVwe list the positiveion
nobilitiesdeterminedby Ted Davis,et al. The mobi-
lity for positiveions in liquidmethanewas deter-
mined by G. Bakaleand W, F. Schmidt.zs

T. H. oey dnd T, G, Lewis*smeasurethe mobi-

lityof Ar~at87 Kin liquidargon to be 2 x 10-*

cm2V-~see-l. Evidencefor a lessmobile speciesof
Ions (positive? in liquidrare gases have been
eludedtoo.’”eaI It is highlydesirableto have more
prectseexperimentson the positiveion transport,
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Fig. 4 Influence of Rthaneon the electron drift
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6.6 X 10*0 m-’,A 3.2x 10*”cm-’,—pU~

Fig. 9 InfluenceofnWhanc, ethane,and butanaon
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(~) 407x 1010cm- . T(Kr I =120K. 5olid
llne: pum krypton.

Fig. 6
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Fig. 13 Productof cross sectionfor energy transfer
and energy loss quantumas a functioncf the
electronmean energy: ❑ l:propylene,O
ethylene,---TMS.
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and the ratioof the inelasticand elastic
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Table IV—.

PositiveIon Nobilitiesin Liquid
Methane,Argon,Krypton,and Xenon

m ?L?M p x 104 (cmzv-lsee-l

91 - 16.0

90.1 5.1 6.12

141.0 22.7 6.69

184,2 7.5 2.85

.

2.3 Average Energy Expendedper Ion Pair,W

The averageenergyexpendedper ion pair in
liquids argon, krypton, and xenon have received

considerableatientionin a sequenceof recent
publications,32’36 One of the authors,T. Doke,37
suggestedthat theW valuein the condensedstate
of raregasesmay have lowervaluethan that in the

gaseousstate,assumingthe presenceof a conduction
band in the condensedstate. This sufg~stionwas
verifiedin subsequentpublications.s‘ 3“’S The
measuredvaluesof U, the averageenergyexpended
per ion pair cre listedin Table V. T. Doke,etal.s’
have calculatedvaluesofW usingan energybalance
relationof Platzman” and a model of Shockley.ss
The resultsof thesecalculationsareglven in
Table Vand are seen to be in agreementwith the data.
T. Doke,et al.3E also have calculatedthe Fano-
factors,F, for the raregas liquids,which are
given in Table V. It is noteworthythat,the predic-
ted statisticallimitedenergyresolutionfor liquid
xenon is only two times that of germanium.

S Kubota,etal.s’ have observedan enhanced
ionizationyield (13% relativeto the ionizatim
yield in pure liquidargon)for Xe.doped(1.6%)
liquidAr. They attributethis enhancementto the
ionizingexcitationtransferprocessfrom Ar ex-
citonsto doped Xe. The equivalentenhancementin
ionizationyield with Kr-dopedliquidargonwas not
observed. Ooke,et al.3Gestimatethe Fano-factor
for xenon-doped(1.6%)liquidargon for Shockley’s
model to be F = 0.064.

The recentresultsof Huano and Freemanuoon
the energy
becauseof
dependence

expendedper ion pa{r are not given here
the unresolvedquestionof the voltage
in theirWvalues.

4. Effectof Impurities

4.1 Effectof Impuritieson ChargeTransport

In Section3.1 we showedhow impuritiesthrough
inelasticcollisionscouldspeed up the electron
transport. If the impurity-electroninteractionis
such that the impuritycapturesthe electron(elec-
tron attachmentor scavenging),the mobilityis re-
duced by
electron
Humnel.3
recently

et al.”1

xenon by

many ordersof magnitude. The subj?ctof
scavengingis reviewedextensivelyby
The electronattachmentrateshave been

measuredfor02 and N2 by W. Hofmann,
and ~orSF6, N20, and 02 in liquidargonand

Bakale,Sowada.ano Schmidt.bz This latter
paper discussesthe smailnessof the attachmentcross
sectionwith 02 relativeto the other impuritiesand

and a maximumattachmentcross sectionh’given by:

Umax(v) =TA2 (21)

with A = 2UA the de Brogliewave lengthof the
electron. The energydependenceofumx is:

Vmx(c) =&= 1.2X 10-:s ~ze(eV) (22)

Table V

AverageEnergyExpendedper Ion Pair

d‘ga
wexp. w

M!!s! ev jeV/IonPair) &&_@Q k
Argon 14.3 23.6 *0.3 23.3 0.107

Krypton 11.7 20.5 *1.5 19.5 0.057

Xenon 9.28 15.6*0.3 15.4 0.041



. The attachmentcross-section~asu~d for 02 fS three

ordersof magnitudesmallerthan given by uMax(e)”
This ~haslzes the importance; impuritiesother
than00 in the rare gas liquidsand is discussed

furthe~in a recentpaperof Gru:lnand Naier.k” The
mobilityof thesenegativeions IS similarto that

of the positiveions (10-”cm2V-isec-1).

4.2 Volubilityof Impuritiesin LiquidMethane,Argon,
I@ypton,and Xenon

Littleexpei &ntal informationis availableon
the volubilityof solidsin the rare gas liquidzand
liquidmethane. The solubilitiesof hydrocarbonsand
carbondioxidein liquidmethaneand liquidargonhave
been reportedrecently.’’5s”cThey reportthe mole
fracti~n,X, of impuritiessaturatedin solutionas
a functionof temperature.

4.3 ImpurityMonitor

In a recentpaperGruhnand Maier, 11’’”demon-
stratethe utilityof infraredabsorptionspectroscopy
as a meansof monitoringImpuritiesin liquidion
chambermedia. They demonstratesensitivitiesto low
concentrations(ppm-ppb)dependentupon the infrared
absorptioncrosssection.

In Fig. 15we sh~..~he infraredabsorptionspec-
trumthroughone meterof spectralgrade (99.995%)
liquidxenon. ~~e C02 concentration is estimatedto

be about50 ppb. The featuresthat appearnear 1250
cm-lare tentativelyassignedto a’C-F stretching
vibrationand probablyarisefrom halocarboncompounds
havingconcentrationsofa few partspertnillion.

It was notedthat the halocdrbonconcentrations
vary from cylinderto cylinderof gas and even more
drasticallybetweenmanufacturers.

Figure16 showsthe effectof flow rateon the
removalby a hydroxpurifieron impuritiesin spec-
tral gradexenon. Noticethat the zero and 100% lines
for each curvehave been displacedby the same amount
of the ordinatefor betterdisplay. Curvea is the
absorptionspectrumof unpurifiedliquidzenon.
Curveb is the spectrumof the liquidcondensedfrom
gas flowedthroughthe purifierat 2 l/rein. Curvec
is the spectrumof the liquidcondensedfrom gas
flowedthroughthe purifierat0.2 l/rein.The small
featuresbetween2800 and 3000 cm-l are due to a
materialabsorbedon the windows. The C02 concentra-

tion in curvea is about3 ppm. The featurethat
appearnear 1250cm-l in curvea are tentatively
assignedto a C-F stretchingvibrationand probably

5. Atomicand NuclearProperti~

The atomicand nuclearpropertieshave been tabu-
latedby the LBL nuclearparticledata group.’” In
TableVI we list these propertiesfor liquidmethane,
argon,krypton,and xenon. We have interpolatedthe
valuesof the nuclearcross sections,specificenergy
loss,and radiationlengthsfor kryptonand xenon
from the data in Reference47. Methanewas assumed
to have the same valuesas propanefor these
properties.

.

i?

I

Fig. 15 Infrared
meter of
xenon.

--l-m

absorptionspectrumthroughone
spectralgrade (99.995%)liquid

.-...- . 1
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. m . . m
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Fig. 16 Effectof flow rate througha hydroxpurifier
on the removalof impuritiesin xenon. The
instrumentalresolutionis -4 cm-i.

arisefromhalocarboncompoundshavingconcentrations
ofa few partsper million. It is observedin Fig. 16
that the efficiencvof the hvdroxtwrifieris both
flow rateand impu;itydepen~ent.“



Table VI

Atanicand Nuclear Properties

Property

z

A

Nuclearcrosssection[barns]

Nuclearcollisionlength
[9/cm21
[cm]

AbsorptionlengthA [cm]

dE/dXmin MeV/g/cm2

MeV/cm

Radiationlength,Lrad
[9/m21
[cm]

Oensityat triplepoint [g/cm3]

Refractiveindex,N

Gas/liquidvol. ratio

CHd

16.043

55.C

134

176

2.28

.98

44.7

110.4

.405

1.25

~

18

39.944

.890

78.8

53.0

430.9

1.51

2.11

19.6

13.9

1.41

1.25

~

36

83.80

1.56

89.5

36.7

1.30
3.17

11,.2

4.59

2.44

1.33

784.0 643.6

&

54

131.3

2.13

101.8

34.4

1.25

3.70

8.4

2.84

2.96

1.41

518.9
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